ABSTRACT A large portion of the Drosophila melanogaster genome is contained within heterochromatic regions of chromosomes, predominantly at centromeres and telomeres. The remaining euchromatic portions of the genome have been extensively characterized with respect to gene organization, function and regulation. However, it has been difficult to derive similar data for sequences within centromeric (centric) heterochromatin because these regions have not been as amenable to analysis by standard genetic and molecular tools. Here we present an updated genetic and molecular analysis of chromosome 3L centric heterochromatin (3L Het). We have generated and characterized a number of new, overlapping deficiencies (Dfs) which remove regions of 3L Het. These Dfs were critically important reagents in our subsequent genetic analysis for the isolation and characterization of lethal point mutations in the region. The assignment of these mutations to genetically-defined essential loci was followed by matching them to gene models derived from genome sequence data: this was done by using molecular mapping plus sequence analysis of mutant alleles, thereby aligning genetic and physical maps of the region. We also identified putative essential gene sequences in 3L Het by using RNA interference to target candidate gene sequences. We report that at least 25, or just under 2/3 of loci in 3L Het, are essential for viability and/or fertility. This work contributes to the functional annotation of centric heterochromatin in Drosophila, and the genetic and molecular tools generated should help to provide important insights into the organization and functions of gene sequences in 3L Het.
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Heterochromatin is the darkly-staining, densely-compacted chromatin of higher eukaryotes that occupies defined positions in homologous chromosomes (Heitz 1928 (Heitz , 1929 . Constitutive heterochromatin is generally found near centromeres and in telomeres, remains densely packaged throughout the cell cycle, and consists largely of moderately and highly repetitive sequences (Lohe et al. 1993; Hoskins et al. 2007; Smith et al. 2007 ).
In Drosophila melanogaster, about 60 Mb of DNA (roughly 1/4 of the genome) in females is found within heterochromatic regions, while in males, the 40Mb Y chromosome is almost entirely heterochromatic (Adams et al. 2000; Hoskins et al. 2002) . However, while there has been extensive genetic and molecular characterization of genes in Drosophila euchromatin, genes in the heterochromatic regions of the genome have been much more difficult to study. Some obstacles to mapping and assembling heterochromatic sequences include an absence of significant meiotic recombination, a paucity of prominent cytological landmarks, and the high repetitive sequence content within heterochromatin.
A defining property of heterochromatin is its ability to variably "silence", in a mosaic fashion, euchromatic genes relocated immediately next to or within heterochromatin, a phenomenon called position effect variegation (PEV) (reviewed in Eissenberg and Reuter 2009) . Genetic screens for second-site suppressors and enhancers of PEV have identified a large number of modifier genes, many of which encode known enzymatic products or structural components associated with establishment/maintenance of heterochromatin (Eissenberg et al. 1990; Reuter et al. 1990; Tschiersch et al. 1994; Schotta et al. 2004) . Moreover, heterochromatic regions often contain signature patterns of histone modifications and bound proteins similar to those found in some silenced euchromatic gene regions, including the presence of HP1a, Su(var)3-9 and Su(var)3-7 proteins, as well as histones trimethylated at residues H3K9 and H4K20 Riddle et al. 2011) .
Although heterochromatin has striking gene silencing properties, genetic analysis has demonstrated that these chromosomal regions contain active genes whose expression is essential for fly development and fertility. A large number of these genes reside in the centromeric heterochromatin of the autosomes-chromosome 2 (Hilliker and Holm 1975; Hilliker 1976; Myster et al. 2004; Coulthard et al. 2010) and chromosome 3 (Marchant and Holm 1988a,b; Schulze et al. 2001 Schulze et al. , 2005 . In addition, a few essential genes are located on the X (Hilliker and Appels 1982; Mével-Ninio et al. 2007 ) and Y (Carvalho et al. 2015; Chang and Larracuente 2018) chromosomes, as well as a number on 4, the "dot" chromosome, which has several properties consistent with a heterochromatic environment (Riddle and Elgin 2018) .
It is interesting that heterochromatic genes can in turn be repressed when placed in euchromatic locations, strongly suggesting that these genes require a heterochromatic environment for their expression (Wakimoto and Hearn 1990; Eberl et al. 1993; Howe et al. 1995) . This hypothesis is further supported by several genetic and molecular studies which suggest that reduced dosage of the HP1a gene, which encodes a product required for heterochromatin integrity, leads to the reduced expression of some heterochromatic genes (Clegg et al. 1998; Sinclair et al. 2000; Lu et al. 2000; Schulze et al. 2005) .
The first genetic screens for lethal mutations in chromosome 3 pericentric heterochromatin identified a minimum of 10 essential loci in 3L Het and 2 loci in 3R Het (Marchant and Holm 1988 a and b) . Subsequent genetic analysis generated more 3L Het deficiencies, additional alleles of already defined 3L Het genes, as well as mutations in new essential 3L and 3R Het loci, some of which were identified molecularly (for a review, see Fitzpatrick et al. 2005) .
Data providing a corresponding physical map of chromosome 3 centric heterochromatin has come from genome sequencing as well as from cytological studies., Progress from the Drosophila Heterochromatin Genome project has provided an extensive physical map from DNA sequencing data, including numerous predicted gene models in centric heterochromatin (Smith et al. 2007; Hoskins et al. 2007 Hoskins et al. , 2015 . Comprehensive ChIP-array analysis of histone modifications and chromosomal proteins has also demonstrated different chromatin packaging profiles for heterochromatic vs. euchromatic domains . Koryakov et al. (2002) used various chromosomal rearrangements and heterochromatin banding analysis to produce a cytological map of the essential 3L and 3R Het loci defined by Marchant and Holm (1988b) . This group later refined their map using the Suppressor of Under-Replication (SuUR) mutation, which allows visualization of chromatin landmarks in the otherwise rather amorphous heterochromatin (Koryakov et al. 2003) . More recently, Andreyeva et al. (2007) used FISH mapping of BAC clones containing known essential 3L and 3R Het genes on polytene chromosomes from SuUR-Su(var)3-9 double mutants to generate a high-resolution map of heterochromatic gene models and highly repetitive satellite sequences.
A comprehensive analysis of essential genes in the centric heterochromatin of chromosome 2 has been provided by extensive genetic and molecular analyses by Hilliker (Coulthard et al. 2003 (Coulthard et al. , 2010 and others (Myster et al. 2004 ). In particular, Coulthard et al. (2010) further refined the genetic and molecular profile of the distal segment of proximal 2R Het, reducing the number of complementation groups defined by Myster et al. (2004) and identifying six additional essential loci in 2R Het via RNAi analysis . Their results complement well the extensive physical map generated by genome sequencing (Hoskins et al. 2007 (Hoskins et al. , 2015 and cytological analysis (Rossi et al. 2007; Dimitri et al. 2009 ).
Here we report on our work to obtain a comprehensive genetic map of chromosome 3L Het. We focused on the identification of essential genetic loci and their alignment with predicted gene models on the physical map, with the overall aim of obtaining a functional annotation of essential genes in this region. This and our previous work has also facilitated the characterization of a number of interesting essential genes in centric heterochromatin e.g., Schulze et al. (2005) , Li et al. (2009) , Hallson et al. (2008 Hallson et al. ( , 2012 , Sinclair et al. (2009) , as well as genes described in this report.
Briefly, we focused initially on compiling a collection of new genetic lesions, followed by genetic deficiency mapping and a large scale inter se complementation analysis to define genetic loci. Next, we used a PCR-based mapping approach to localize putative heterochromatic sequences from the available genome assembly to defined heterochromatic intervals, thereby allowing us to identify candidate gene(s) for each essential complementation group. We then identified essential loci present by correlating gene sequences to lethal complementation groups, coupled with RNA interference studies (see also Hallson et al. 2012 for examples). Most of the original lethal 3L Het complementation groups identified by Marchant and Holm have now been defined at the molecular level and we have also identified additional essential loci.
Our analysis has revealed a surprisingly high percentage of essential genes in 3L Het. The work also provides an expanded repertoire of genetic reagents, such as deletions (especially those with molecularly defined breakpoints), as well as novel lethal mutations (EMS-, P-element-and radiation-induced); these will be valuable tools for developing a comprehensive profile of gene functions in chromosome 3 heterochromatin.
MATERIALS AND METHODS

Fly strains and crosses
Flies were raised on standard yeast-molasses-cornmeal medium and fly strains were maintained at 18°. Crosses were performed at 25°unless otherwise stated and all crosses were scored to completion. If no transheterozygous progeny emerged, or if the number of transheterozygous progeny was less than 5% of those expected from balancer classes (minimally, 100 balancer heterozygotes were examined per cross), the combination was considered lethal. In cases where the transheterozygotes were greater than 5% but substantially less than 50% of those expected, the combination was considered semi-lethal.
Unless otherwise stated, genetic strains used have been reported elsewhere. The G series of EMS-induced lines, as well as Df(3L)FX3, DF(3L)FX53, Df(3L)FX33 and Df(3L)MX18 were created in the Deitcher laboratory (Vilinsky et al. 2002; Schulze et al. 2005; D. Deitcher personal communication) . The Z series of EMS mutations was obtained from the Zuker collection (Koundakjian et al. 2004) . EMS lines 2-30 and 1-166-38, as well as the γ-radiation-induced deficiencies Df(3LR) 6B-29, Df(3L)1-166, Df(3L)9-56, Df(3L)2-30 and Df(3L)8-80 were generated by Marchant and Holm (1988 a) . The P-element alleles CH(3)4, CH(3)119, CH(3)4d, CH(3)53 and CH(3)7 were generated by Zhang and Spradling (1994) and were generously provided by P. Zhang. Df(3L)O-1, Df(3L)K2 and Df(3L)γ-28 were generated as described in Schulze et al. (2001) .
X-ray mutagenesis and genetic screens Three-to five-day old KG03264/KG03264 males (carrying a P{SUPor-P} insert at cytological position 80C1 near the nrm locus) were treated with 4,000 rads of X-ray radiation, allowed to recover for 24 hr, and crossed en masse to TM3 Sb Ser/TM6 Hu Tb virgin females. Approximately one thousand single F1 KG03264{w + } Ã /TM3 Sb Ser or KG03264{w + } Ã /TM6 Hu Tb males (where Ã indicates a mutagenized third chromosome) were then crossed to virgin females carrying a 3L Het deficiency (Df(3L)FX3/ TM3 Ser or Df(3L)MX18 /TM3 Ser), and the resulting progeny were examined for lethality or visible phenotypes. Stocks of putative lethal mutations were established from KG03264{w + } Ã /TM3 Ser siblings. To further map the newly-isolated lesions, all mutations were separately crossed to flies bearing a subset of smaller 3L Het deficiencies (Df(3L)1-166, Df(3L)γ28, Df(3L)K2, Df(3L)9-56, Df(3L)FX33), and to at least two existing alleles of each lethal complementation group (except where only a single allele existed).
We then conducted a second X-ray screen, designed to isolate lethal lesions in both 3L Het and 3R Het. In this study, 3-to 5-day old e 1 /e 1 males were treated with 4,000 rads of X-ray radiation and crossed en masse to TM3 e 1 Sb Ser/TM6 e 1 Hu Tb virgin females. Single F1 e 1Ã /TM3 e 1 Sb Ser males (where Ã indicates a mutagenized third chromosome) were then crossed to Df(3LR)6B-29/TM3 e 1 Ser females, and stocks of putative lethal mutations established from e 1Ã /TM3 e 1 Ser siblings. To further map the newly isolated lesions, we crossed all mutations to the subset of smaller heterochromatic deficiencies, as described above, with the addition of Df(3R)10-65 and Df(3R)XM3, as well as to alleles of each lethal complementation group.
Screen of the EMS Zuker collection
We obtained 3,400 strains (balanced with TM6 e 1 Tb) from the Zuker collection that contained putative third chromosome mutations generated with EMS, because it had been reported that approximately one third of the Zuker strains contained third chromosome lethal mutations (Koundakjian et al. 2004) . We tested each balanced line for lethality with different 3L or 3R Het Df/TM6 Tb strains: Df(3LR)6B-29, Df(3L)FX53, Df(3L)Delta1AK and Df(3R)XM3. Confirmed lethal mutations were then further mapped by using Df(3L)γ28, Df(3L)K2, Df(3L)9-56, Df(3L)FX33, Df(3R)XM3 and Df(3R)10-65, each balanced over TM6B Tb. In addition, we tested the lethals for allelism with representative alleles of appropriate lethal complementation groups.
Single embryo PCR for detection of homozygous mutant embryos, deficiency mapping, and sequencing of mutant alleles We isolated embryos homozygous for chromosomal deficiencies and other induced mutations using the methodology described in Hallson et al. (2008; . In brief, using DNA from homozygous deficiency strains, along with PCR mapping primers for candidate gene sequences (see Table S1 ), we tested for the presence or absence of PCR products in homozygous mutant embryos from each strain. The absence of a PCR product indicated that a specific gene sequence mapped to the region covered by the deficiency.
For sequence analysis, DNA was isolated from homozygous mutant embryos, all exon regions were PCR amplified, and purified PCR products were then sequenced to look for corresponding DNA lesions that might result in mutant phenotypes (see Hallson et al. 2008 Hallson et al. , 2012 .
DNA sequencing was performed by UBC NAPS or Genewiz or Macrogen sequencing services. Mutations were identified by comparing sequences to the reference sequences available on Flybase using the BLAST algorithm (Altschul et al. 1990 ) and multiple protein alignments were carried out using CLUSTALW (Larkin et al. 2007 ).
RNA interference experiments
Transgenic UAS-RNAi lines, expressing inverted repeats (IRs) under the control of Gal4, were obtained from the Vienna Drosophila RNAi Center (VDRC: http://stockcenter.vdrc.at/control/main), Drosophila Transgenic RNAi Project (TriP: http://www.flyrnai.org/TRiP-HOME.html) and the Fly Stocks of the National Institute of Genetics (NIG-fly; http://www.shigen.nig.ac.jp/fly/nigfly/index.jsp). We crossed UAS-IR-bearing males to virgin females, initially held at 29°for at least two days, bearing UAS-Dcr-2/UAS-Dcr-2; tub-Gal4/TM3 Sb. Actin and tubulin driver stocks were used to induce ubiquitous expression of the IR transgenes and a copy of UAS-Dcr2 (a component of the RNAi pathway) was included to sensitize the RNAi interference pathway and enhance knockdown. We maintained crosses at 29°and then examined them for lethality, sterility and visible phenotypes in flies expressing the IR sequence. Crosses producing UAS-IR driven progeny, but at proportions substantially less than 50% of those expected from the balancer classes, were deemed semi-lethal (due to the incomplete penetrance/ expression of RNA, some "escapers" may survive).
Data Availability
A comprehensive and representative set of stocks have been sent to Dr Kevin Cook at the Bloomington Drosophila stock center. Supplemental files available at FigShare. Table S1 lists primers used in mapping. Table S2 
RESULTS
As a first step in our analysis, we generated and mapped a large number of additional lethal lesions (putative Dfs and/or point mutations) within 3L and 3R Het. To do this, we conducted two X-ray mutagenesis screens, and in parallel screened 3,400 EMS-mutagenized 3 rd chromosomes from the Zuker collection (Koundakjian et al. 2004) , as outlined in Materials and Methods.
From these large-scale genetic screens, we isolated 91 novel lesions (46 from the X-ray screens, 45 from the Zuker lines), and of these, 60 mapped to 3L Het and 14 to 3R Het (Table 1) . The remaining 17 mutations may be located outside of 3 rd chromosome heterochromatin, possibly due to the presence of second site lethal mutations outside of 3L Het, see below.
Screens for lethal lesions in 3L and 3R Het induced by X-rays Our first X-ray screen with the large Df(3L)FX3 and Df(3L)MX18 deficiencies identified 14 lesions in 3L Het (X-ray #1 in Table 1 ). To position the new lesions more definitively, we tested them for complementation with deficiencies removing specific intervals of 3L Het and with alleles of previously identified essential loci. Of the aforementioned 14 lesions, 11 failed to complement Df(3L)FX3 (see Figure 1) . The remaining three mutations (Df(3L)Lola, Df(3L)BAC and Df(3L)ZZZ) were Minute-like in phenotype in combination with Df(3L)FX3 or Df(3L)MX18, but it was not possible to map these lesions further. The combined frequency of lethal and Minute-like lesions generated in this screen was 1.4%. The putative X-ray-induced lesions varied in size; some were large and spanned several lethal complementation groups, corresponding to many megabases of DNA (e.g., Df(3L)TTT) (Figure 1 ), whereas others were either small deletions/other rearrangements or possibly point mutations affecting single genes (e.g., Df(3L) GGG) (Figure 1) .
In a subsequent larger-scale X-ray screen (X-ray #2 in Table 1 ), we screened the mutagenized chromosomes for failure to complement Df(3LR)6B-29, a large deficiency removing heterochromatic segments from both 3L and 3R (Marchant and Holm op. cit.) . In total, we isolated 32 lesions in this second screen: 25 on 3L and 7 on 3R. Of the 25 putative 3L Het deficiencies isolated in our second X-ray screen, 21 were used for further analysis (see Figure 2) . We then performed inter se complementation tests of each of these lesions in combination with various other 3L Het deficiencies and in combination with representative alleles of existing complementation groups, in order to position the new lesions along the chromosome arm (see Figure 2 for a summary).
Screening for lesions induced by EMS in 3L and 3R Het As described in Materials and Methods, an initial screen of recessive lethal lines from the Zuker EMS collection (Koundakjian et al. 2004) involved testing each strain for lethality in combination with Df(3LR) 6B-29, a deficiency that removes much of chromosome 3 heterochromatin (Marchant and Holm 1988a) . All putative 3L and 3R Het lethal mutations identified in this analysis were tested with four other deficiencies that remove segments of 3 rd chromosome centric heterochromatin (Df(3L)Delta1-AK, Df(3L)FX53, Df(3L)FX3, and Df(3R)XM3). Of the 45 3L Het EMS lesions identified (Table 1) , 44 were lethal or semi-lethal in combination with one of the four deficiencies. The single lesion (Z-4493) that was viable in trans with all four deficiencies was characterized by a curly wings phenotype when tested in combination with Df(3R)XM3. Three other lesions also caused visible phenotypes (black deposits at leg joints, abnormal positioning of legs and curled wings) and were also semi-lethal when hemizygous over particular deficiencies.
Of the 45 EMS mutations identified (designated with an asterisk in Table 1 ), 21 could be assigned unequivocally to 3L Het, based on complementation tests with Df(3L)FX53, Df(3L)Delta 1-AK or lethal 1 alleles (see Table S2 ). Seventeen of these 21 lesions were allelic with previously identified complementation groups, 2 failed to complement Df(3L)Delta 1-AK (distal to SNAP-25), 1 (Z-855) was semi-lethal in Figure 1 Genetic map of EMS mutants and deficiencies isolated from our initial screens of Zuker lines and first X-ray screen. Blue lines -newly discovered deficiencies; red lines -deficiencies used to screen for new lesions; green circles -newly-mapped EMS lesions from the Zuker collection. Dashed lines on deficiencies indicate semi-lethality with alleles of intersecting complementation groups. Df(3L)WWW may be a discontinuous lesion affecting at least two genes (lethal 6 and lethal 7A).
n combination with Df(3L)FX53, and 1 failed to complement Df(3L)K2 and Df(3L)1-166. An additional seven lesions were found to be allelic with complementation groups in 3R Het. None of the remaining 17 lesions could be assigned to known lethal complementation groups in either 3L or 3R Het. It is likely that at least some of the additional mutations are allelic to second-site mutations carried by the deletion chromosomes used for complementation analysis, as accumulation of lethal mutations on permanently heterozygous chromosomes has been well-documented (Mukai 1964) .
Our analyses revealed a few inconsistencies with respect to the previously published 3L Het map , as well as one erroneous allele assignment. Our revised genetic map now places Snap-25 and lethal 6 distal to lethal 8, which in turn was placed distal to lethal 7A and 7B (Figure 2 ). This gene order is now consistent with the physical map provided by genome sequencing (Hoskins et al. 2015) , and this order was also confirmed by our mapping and sequencing of lethal complementation groups corresponding to these published gene models. Finally, allele G1e was previously incorrectly assigned to lethal 7B rather than lethal 4B.
Refining the 3L Het physical map
In order to align the genetic and physical maps of 3L Het, we mapped candidate essential genes to specific genetic intervals as defined by our deficiency maps. Using DNA from homozygous deficiency strains and primers for a set of candidate genes, we tested for the presence or absence of PCR products in flies homozygous for a given deficiency strain. The absence of a PCR product indicated that a specific gene sequence was removed by the deficiency. We then refined our analysis by using reference sequences in the physical map as anchor points for our genetic map, limiting the number of candidate genes required for testing with each deficiency.
In order to better align the genetic complementation map to the published heterochromatic sequence in Release 6 (Hoskins et al. 2015) , we also mapped endpoints of several large and/or distal deficiencies by PCR relative to 3L Het candidate gene sequences. Since to date, few mutations have been mapped to the distal segment of 3L Het (e.g., between Snap-25 and Mes 2), we were especially interested in determining the distal-most extent of Df(3L)TTT. PCR analysis of homozygous Df(3L)TTT embryos showed that this deficiency removes the CG40470, CG17698 and ago3 loci, but not the a-catenin or the n-AchRA4 genes (Figure 3) . From our complementation analysis and single embryo PCR mapping data, we conclude that Df(3L)TTT deletes a region predicted to contain at least 3 Mb of DNA. A summary of our refined map is presented in Figure 4 .
Correlation of gene models with lethal complementation groups Our molecular analysis of deficiency strains combined with deletion mapping of essential genes allowed us to narrow the number of candidate genes that could potentially correspond to each genetically identified locus on our map. In an attempt to determine the molecular identity of each vital locus, we amplified and sequenced the entire coding region of each candidate gene from DNA homozygous for mutant alleles representative of a given complementation group. The presence of a significant sequence change (e.g., predicted deleterious effects on gene product) relative to the control background sequence, led us to conclude that a given complementation group corresponded to the candidate gene in which the change was found. In certain cases, we were also able to rescue flies containing appropriate mutations transheterozygous to deficiencies removing the candidate gene by expressing a Gal4 driven cDNA transgene of the corresponding gene of interest. Essential genes identified using this method are listed in Table 2 ; with putative or confirmed functions of these genes included in Table 6 . Taken together with the RNAi results described below, the data from these analyses have allowed us to assign a molecular identity for each lethal complementation group present on our genetic map (shown in Figure 4) . Figure 2 Map of deficiencies generated in a more intensive, second X-ray screen. Positioning was also obtained by crossing new deficiency strains to alleles affecting essential loci and other deficiencies. Note that of the 25 deficiencies isolated, 2 were not used further (not shown) and 1 was viable with alleles of all representative complementation groups we tested in 3L Het.
While most of the gene assignments summarized in Tables 2  and 6 were straightforward, the molecular and genetic characterizations of lethal 1 and lethal 7A were slightly more complicated; these are therefore described in more detail below.
Molecular characterization of lethal 1 lethal 1 is the proximal-most genetically identified essential locus in 3L Het (see Figures 4 and 5) . The locus was originally identified in mutagenesis screens conducted by Marchant and Holm (1988b) and it has been defined as a putative trithorax group (trxG) gene (Schulze et al. 2001) . Numerous lethal 1 alleles were isolated by Marchant and Holm (1988) and Schulze et al. (2001) , suggesting that it may encode a large mutagenesis target; however, only two of the original mutations remain: Df(3L)2-30 and In(3L)C90. Df(3L)2-30 is associated with a duplication of proximal heterochromatic material between h48 and h50 (Koryakov et al. 2002) , but it also likely carries a small deletion Figure 4 Refined map of 3L Het incorporating genetic and molecular data from this study. Blue marks deficiencies in which extent was determined genetically and molecularly. Red marks deficiencies in which limits were determined genetically. "?" denotes boundary limits that have not been molecularly defined. Figure 3 Determining the distal extent of Df(3L)TTT by gene-specific PCR. CG40470 is a gene located between SNAP-25 and l6. Prior genetic analysis confirmed that Df(3L)TTT failed to complement alleles of essential genes located in the 3L Het segment extending from lethal 3 to SNAP-25. Df(3L)gamma-28, which does not delete the regions tested, was used as a positive control.
not detected by cytological analysis. In(3L)C90 is an inversion with a heterochromatic breakpoint near or within lethal 1, and a euchromatic breakpoint in 62D2-7 (Lindsley and Hardy 1992) . We have also identified two additional putative lethal 1 alleles, Z-1261 and Z-4577, both of which fail to complement deficiencies that lack the gene. In combination, these two alleles produce a small number of sterile transheterozygotes with a Minute-like phenotype, and extra wing vein material (Table 3 ). The conventional Minute phenotype is haplo-abnormal and thus dominant, and is characterized by developmental delay, shorter and thinner bristles, roughened/reduced eyes, misrotated n Table 2 Known lethal complementation groups in 3L Het, and their molecular assignment based on the DNA lesions identified in mutants. ( Ã These designations based on those used in Marchant and Holm 1988 a,b (Vilinsky et al. 2002) genitalia, and, often, semi-sterility; this phenotype is most often caused by defects in global protein synthesis (see Marygold et al. 2007 ).
In single embryo PCR mapping ( Figure 5A ) two potential candidate genes were absent from Df(3L)2-30: eIF-4B (eukaryotic Initiation Factor 4B or CG10837), a member of the eukaryotic initiation factor complex required for translational activation, and CG17514, a large translation activator. However, In(3L)C90 deletes eIF-4B but not CG17514 ( Figure 5C ). This was somewhat surprising to us, because lethal 1 is quite mutable, and because CG17514 encodes a much longer protein (2,630 aa) than eIF-4B (459 aa); it therefore seemed more likely to us that lethal 1 would correspond to CG17514. One possible explanation for the presence of CG17514 exon sequences in In(3L)C90 could be that only regulatory regions are mutated, and thus CG17514 expression could still be affected.
Indeed, subsequent sequence analysis of mutant alleles provided evidence to identify CG17514 as corresponding to lethal 1: the EMSinduced lethal 1 allele Z-4577 contains a mutation predicted to change of residue W1092 in the CG17514 product to a stop codon, strongly suggesting that CG17514 corresponds to the lethal 1 locus.
In order to obtain additional support for our contention that lethal 1 corresponds to CG17514, we carried out RNAi knockdown of CG17514; in this analysis, we crossed flies containing UAS responsive CG17514 IRs to flies carrying the tub-GAL4 transgene at 29°i n order to activate targeting RNAi. Expression of 2 out of the 3 CG17514 RNAi lines, VDRC 47269 and BL34355, resulted in reduced viability and complete lethality respectively. Escaper progeny expressing RNAi from the BDRC 47269 line display a Minute-like phenotype (thin bristles) and are sterile (Table 4) . Taken together with the aforementioned data, these results indicate that lethal 1 coincides with CG17514.
However, these results do not exclude an essential role for the eIF-4B gene as well, given its presumed key role in protein. It is quite possible that our screens did not isolate any mutations in this smaller target gene, although results from RNAi experiments do not suggest that eIF-4B is essential either (see below).
Molecular characterization of lethal 7A
We currently possess only a single EMS induced allele of lethal 7A, l(3)fsa 2 . This allele displays a lethal phase during late embryogenesis, with no obvious cuticle defects . Molecular and genetic mapping show that lethal 7A is distal to lethal 5 and proximal to lethal 7B (scarecrow) (see e.g., Figure 6A) . Two gene models, CG40002 and CG40472 (an apparent pseudogene of CG40002), appear the most likely candidates for lethal 7A. The CG40002 gene encodes a 94 a.a. protein that is a member of the NADH dehydrogenase complex (a.k.a. Complex I). The NADH dehydrogenase complex is a conserved complex present throughout Eukarya and is the first major complex in the electron transport chain n Table 3 lethal 1 inter se complementation matrix. M All transheterozygous progeny were Minute-like. % expected = number of observed progeny / number of expected progeny based on balancer classes (i.e., O/E) Ã 100%. Ã In addition to deleting lethal 1, Df(3L)9-56, Df(3L)1-166, Df(3L)e Ã #54 and Df(3LR)6B-29 remove the lethal 2 (rpL15) locus and are Minute because of this (data not shown) Homozygous lethal N/A 6 M sterile / 229 total 11% Figure 5 Mapping of elF-4B and CG17514. A) Molecular positioning eIF-4B and CG17514 in the lethal 1 region. B) CG17514 and eIF-4B are deleted by Df(3L)2-30, and eIF-4B, but not CG17514, is deleted in the In(3L)C90 strain. (Ohnishi et al. 2018) . Given the important role of Complex I in the oxidative production of ATP, it would not be surprising if a gene encoding any of its subunits were essential. There are also two other possible candidate gene models, med21 and ucrh, in the vicinity. However, upon PCR mapping, we found that only the CG40002 gene has been deleted in DNA from homozygous l(3)fsa 2 mutant embryos, while med21 and ucrh remain present ( Figure 6C ). This strongly suggests that lethal 7A corresponds to CG40002.
RNAi knockdown of heterochromatic genes Some 3L Het genes that were predicted to have important functions based on the existence of conserved human homologs did not yield mutant alleles in our screens. In order to test for additional essential genes in 3L Het, we performed RNAi knockdown analysis using relevant RNAi lines available from the VDRC, TRiP or NIG collections, which allowed us to target most 3L Het gene models. Each RNAi line was crossed to UAS-Dcr2/UAS-Dcr2; tub-Gal4/TM3 Sb at 29°; UAS-Dcr2 was used to optimize the RNAi pathway and therefore increase the likelihood of detecting gene knockdown effects. The results identify 9-10 additional essential genes in 3L Het (10 if nAchRalpha4 is included, see Discussion below) not previously identified in mutagenesis studies (Tables 5 and 6 ). As positive controls, we used some RNAi transgenes targeting known lethal complementation groups, and these were found to be effective.
Summary of essential genes in 3L heterochromatin
The essential 3L Het genes identified either through isolation/analysis of mutant alleles or RNAi analysis are shown in Figure 7 and listed in Table 6 . Overall, our data suggest that at least 25/39 genes (roughly 2/3) of genes in 3L Het are essential (26/39 if we include nAchRalpha4 as a putative lethal), an unexpectedly large proportion relative to the roughly 1/3 of euchromatic genes that are predicted to be essential based on analyses of specific euchromatic regions (see Discussion). In addition, it is possible that our estimate of essential 3L genes is conservative and the number of essential genes in this region may be higher. We aren't able to readily estimate whether more genes may have been missed in our mutagenesis screens (see Hilliker et al. 1981 for a discussion of this point), and there is currently an absence of genetic reagents (RNAi constructs, other) for studying some 3L Het gene models.
Unassigned lethal mutations generated in the current study A number of lethal mutations characterized in our study have not yet been assigned to known complementation groups but may be located in 3L Het. For example, the Df(3L)XXX allele from the initial X-ray screen fails to complement Df(3L)γ-28, but it does complement Df(3L)1-166 and Df(3L)FX33 (see Figure 4 , Df(3L)XXX not shown on map), suggesting that an additional essential gene may reside between the lethal 7B /scarecrow and lethal 8 loci. There are also several EMS lesions that fail to complement Df(3LR)6B-29, but which have not been assigned to any known complementation group. While some of these may be alleles of second-site mutations on the Df(3LR)6B-29 chromosome, outside of 3L Het, others may represent alleles of unidentified essential 3L Het loci e.g., Z-855 and Z-5460 clearly map to 3L Het, but they complement alleles of all known essential 3L Het complementation groups. In Figure 6 Mapping of lethal 7A to CG40002. A) Single embryo PCR mapping positions CG40002 in the lethal 7A region. B) sePCR of DNA from l(3)fsa 2 mutants using CG40002, med21 and ucrh primers. The asterisk marks a band that is amplified only from l(3)fsa 2 /TM3 animals and likely corresponds to a polymorphic ucrh sequence found on this particular TM3 balancer chromosome.
n Table 4 RNAi experiments expressing CG17514 RNAi-activating IRs with tub-driven GAL4 (at 29 C) suggest that CG17514 is essential. However, viable progeny emerge when using the eIF-4B RNAi line (VDRC 31364 n Table 5 Unknown.
CG40160
V109559, BL44268
L, V/F Peptidase.
L, L Thioredoxin, chaperone.
L, L Fatty acid synthase.
CG45782
V109249, BL38367, V109094, BL40876
Ucrh/UQCR-11
H3K4 di-and tri-methylase. addition, Z-1326 and Z-1605 were identified on the basis of failure to complement Df(3L)Delta1-AK and remain unassigned; however, while these alleles may correspond to distally located 3L Het genes, it is also possible that they are alleles of euchromatic genes at the heterochromatic/euchromatic border which have not yet been well characterized.
Further work is necessary to determine the basis of all of the unassigned mutations; however, the next release of an updated Drosophila genome sequence should make it possible to identify and characterize more of these uncharacterized loci.
DISCUSSION
The work reported here links a detailed genetic map of 3L Het with the physical map available on Flybase. In the process, we have been able to assign molecular identities to most of our lethal complementation groups in 3L Het, which in the past have only been studied at a genetic level. Since full characterization of any genome is incomplete without an analysis of heterochromatin, our work provides an initial platform for the functional annotation of essential genes residing within these fascinating, yet poorly understood, regions of the genome. Our collection of mutant strains will be useful for studying the function of heterochromatic genes that have resisted characterization due to their location in a genetically less tractable region of the genome. Using RNAi knockdown analyses, we have identified an additional group of essential 3L Het genes not identified in mutagenesis screens. Lethality associated with RNAi gene targeting provides good evidence that a gene is essential: the possibility of RNAi off-target effects seems unlikely because for all but one of the genes tested for RNAi knockdown effects, there were no detectable homologies to the 19 b.p. gene regions used in the RNAi transgene design (data not shown); moreover, off-targeting effects in flies have been reported as being very low (Dietzl et al. 2007 ). The single exception involved two VDRC RNAi lines targeting the nAChRalpha4 gene; each of these exhibits a single n predicted 19 b.p. off-target dsRNA; however, the majority of dsRNAs available for this gene do result in gene specific targeting, and therefore this single off-target RNA may be inconsequential. A homozygous viable allele of nAChRalpha4 has recently been reported to exhibit circadian defects (Shi et al. 2014) . However, since this allele is associated with a single amino acid substitution and was obtained in a screen for viable modifier mutations, it is likely not a null allele. If the effects on viability we observe by expressing nAChRalpha4 RNAi lines result from direct gene-targeting, the nAchRalpha4 protein is likely essential and may have additional biological roles. There remain some 3L Het gene models for which we have neither RNAi lines nor mutants, so at this point it is not possible to define whether any of these genes are essential. Furthermore, the observed viability when expressing available RNAi lines for certain genes does not prove that these genes are non-essential; an RNAi line may be poorlyexpressed or substantial maternal effects may allow survival and thus obscure the effects of RNAi targeting. Indeed, gene expression studies showed that several RNAi lines tested only modestly reduced expression of the target genes (data not shown). Finally, while it seems likely that eIF-4B should also be essential, based on its presumed cell function, it is noteworthy that our results, as well as other RNAi analyses to date (http://www.genomernai.org/v17/fullPagePhenotypes/gene/3355041) are not consistent with an essential role for this protein (although again, similar caveats apply).
In terms of other potential caveats, lethal phenotypes resulting from RNAi knockdowns may not indicate that a gene is essential, because in some cases, genetic mutations knocking out the same gene do not show a lethal phenotype. This relatively rare phenomenon has been attributed to other factors such as genetic compensation (Rossi et al. 2015, and refs therein) .
Other strategies could be employed to determine whether any of the remaining 3L Het genes are essential. For example, since transposon insertions near genes of interest are becoming increasingly available, these could serve as starting points for generating imprecise excisions that affect adjacent genes. In addition, genetic screens for mutations lethal in trans to the distal-most 3L Het deficiencies (Df(3L)TTT or Df(3L)1677) may yield more lethal mutations between ago3 and RpL10. Analysis of the latter 3L Het segment has proved difficult because deletions that remove the RpL10 locus exhibit dominant semi-lethality and female sterility (K. Fitzpatrick unpublished observations). Lastly, with the innovations of CRISPR technology, plus the availability of newer targeted genetic reagents (e.g., Mi{MIC} and Mi{Trojan-GAL4.0} alleles, see Flybase), it may be possible to extend the current work, although there could be issues with accessibility of DNA sequences when packaged in the chromatin environment of centric heterochromatin.
The findings from this and other studies indicate that although gene density is relatively low in centric heterochromatin, many genes located in this chromatin environment are functionally important. The essential genes identified in the current study appear to span a diverse set of molecular and developmental functions. We and others have noted that there is no correlation between developmental or other specific expression patterns and the location of genes within 3L and other centric Het regions. Although the size of an average heterochromatic gene is considerably larger than that of a typical euchromatic gene, neither is there any apparent correlation between heterochromatic gene size and whether a given gene is essential. While our mutagenesis experiments often produced mutations in larger 3L Het genes (based both on physical locus and gene product length), mutant alleles of some smaller essential genes (rpl15 and CG40002) were also isolated, and several other small essential genes (such as med21 and CG17454) were identified through RNAi experiments. Thus, although our results indicate an unexpectedly higher proportion of essential genes in 3L Het, there are no obvious properties that distinguish them from euchromatic genes.
As mentioned, our data suggest that approximately 2/3 of genes residing in 3L Het are required for developmental viability and/or adult fertility. In contrast, it is estimated that only about 1/3 of euchromatic genes are essential (Miklos and Rubin 1996; Ashburner et al. 1999; Dietzl et al. 2007; Chen et al. 2010) . It remains to be determined whether the large proportion of essential genes in 3L Het is significant or results from the relatively small sample size: in 3R Het, only four of the 11 genes appear to be essential (our unpublished observations), while the overall proportion of essential genes in 2R and 2L Het remains to be established.
The work described here, and the genetic tools generated, provide a foundation for advancing our understanding of the organization, functions and regulation to genes in these unique chromosomal regions. Fly stocks from this work, including representative Dfs across 3L and 3R Het, lethal alleles of individual genes, as well as other reagents (cDNA transgene and RNAi lines) will be available from the Bloomington Drosophila Stock Center, Indiana.
